We tested the hypotheses that bovine high-density (HDL) and low-density (LDL) lipoproteins differentially influence cellular proliferation and progesterone and IGF-I production by bovine small and large luteal cells. Unit gravity sedimentation was used to produce enriched cultures of small (> 95% pure) and large (75 to 90% pure) luteal cells from corpora lutea (CL) on d 4 and 10 of the estrous cycle. Addition of LDL, HDL, or both resulted in the maintenance of higher ( P < .05) numbers of 3b-hydroxysteroid dehydrogenase (HSD)-positive small and large cells in culture and produced a marked proliferation of 3b-HSD-negative small luteal cells compared to control medium. Low-density lipoprotein and HDL each stimulated greater ( P < .01) progesterone secretion in enriched large cell cultures on both days of the cycle, and by small luteal cells on d 10, compared to the control. Together, LDL and HDL maximized this response. Lipoproteins markedly stimulated ( P < .01) the secretion of IGF-I by bovine large luteal cells, and secretion was greater ( P < .05) by cells from d 10 CL compared to d 4 CL. Results suggest that the actions of lipoproteins in bovine luteal cells extend beyond their widely recognized roles in steroidogenesis and include remarkable effects on cellular proliferation and IGF-I secretion. Type of lipoprotein (LDL vs HDL) did not have differential effects on any of the variables measured.
Introduction
Lipoproteins are the primary source of cholesterol for luteal progesterone biosynthesis, yet our knowledge about the actions of lipoproteins is generally limited to their effects on steroidogenesis in mixed cell cultures. Bovine luteal cells increase progestin secretion in response to low-density lipoproteins (LDL) and high-density lipoproteins (HDL) (O'Shaughnessy and Wathes, 1988; Carroll et al., 1992) ; however, the relative effects of LDL and HDL for stimulating progesterone secretion in bovine small and large cell types have not been reported.
Of additional interest to our laboratory has been the mitogenic potential of lipoproteins and their effects on IGF-I and oxytocin secretion (Ryan and Williams, 1992; Bao et al., 1995; Gazal et al., 1996) . Proliferation of mixed cultures of bovine luteal cells from d 4 corpora lutea destined to be shortlived was observed when cells were treated with either LDL or HDL (Ryan and Williams, 1992) . Whether proliferation occurred in steroidogenically active or inactive cells was unclear, but in theca cells, the progenitors of small luteal cells, lipoproteins stimulated proliferation of steroidogenically inactive cells . Although IGF-I has been shown to stimulate ovarian cellular proliferation and lipoprotein-stimulated progesterone production by por-cine granulosa cells (Veldhuis and Gwynne, 1989) , we found no information on the reciprocal effect of lipoproteins on luteal cell production of IGF-I in cattle.
Objectives of studies reported herein were to determine the effects of bovine LDL and HDL, in the presence or absence of LH, on cellular proliferation and in vitro progesterone and IGF-I production by enriched populations of small and large bovine luteal cells at two stages of the estrous cycle.
Materials and Methods
All experiments were conducted in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (Consortium, 1988) . Protocols were approved by the Institutional Agricultural Care and Use Committee (IAACUC) of the Texas A&M University System.
Animal and Tissue Collection
Twelve sexually mature beef heifers, fed according to their physiological status (National Research Council, 1984) , were maintained in excellent body condition (body condition score of 5 on 1 to 9 scale) throughout the study. Heifers were observed for estrus twice daily with the aid of an androgenized cow. Heifers were injected with PGF 2a (30 mg; Lutalyse ® ; Upjohn, Kalamazoo, MI) on d 12 or 13 of the estrous cycle to synchronize estrus. Confirmation of ovulation was determined by following the growth of the preovulatory follicle and subsequent formation of a corpus luteum ( CL) by transrectal ultrasonography (5.0 MHz probe; LS-1000 ® ; Tokyo-Keiki, Japan). The ovary bearing the CL was removed by paralumbar laparotomy on d 4 ( n = 6 ) or 10 of the estrous cycle ( n = 6), placed in ice-cold sterile Ham's F12 medium (Dulbecco's Modified Eagles Medium; Sigma Chemical Co., St. Louis, MO) containing .5% antibiotic-antimycotic and 24 mM HEPES buffer, and transported to the laboratory within 5 min.
Separation of Luteal Cell Types
Each CL was enucleated from the ovarian stroma and tissues were sliced, minced, and dissociated at 38°C for two 30-min periods in 50-mL flasks. Each flask contained 20 mL of HEPES-buffered (24 mM) Ham's F12 medium with .5% BSA, collagenase (Sigma; Type IA, 2,000 U/g tissue), deoxyribonuclease I (Sigma; 3,000 U/g tissue), and 1% antibioticantimycotic (100 IU penicillin, .1 mg streptomycin, .25 mg amphotericin-B; Sigma). Separation and concentration of small and large luteal cells was accomplished by unit gravity sedimentation (Eppendorf Celsep Cell Separation System, Brinkman Instruments, Westbury, NY) using the procedures described by Weber et al. (1987) . The diameter of cells in each sedimentation fraction was measured with an ocular micrometer. Fractions containing > 95% cells with a diameter of 12 to 23 mm were designated enriched small luteal cells. Fractions with predominantly (75 to 90%) large cells (> 23 mm ) were designated enriched large luteal cells. Fractions of cells of similar size were combined, washed three times in 1 mL of fresh Ham's F12, and resuspended before the incubation studies. Purity of separated small and large luteal cell populations was estimated using a phase contrast microscope.
Luteal Cell Cultures
Cell wells (Cell Wells ® ; Corning, NY) were pretreated for 18 h at 38.5°C with Ham's F12 containing 10% calf serum to coat the bottom of the wells with attachment proteins. Wells were then washed twice with a 2-mL aliquot of Ham's F12 and placed with an appropriate volume of control medium (Ham's F12 medium) containing 24 mM HEPES buffer, 1% antibiotic-antimycotic, and ITS premix ( 5 mg/mL insulin, 5 mg/mL transferrin, 5 ng/mL selenium; Sigma). Enriched populations of small and large luteal cells were cultured in triplicate at a concentration of .5 to 1 × 10 5 viable cells per well with 1 ) control medium, 2 ) control medium plus LDL (50 mg cholesterol/mL), 3 ) HDL (50 mg cholesterol/mL), or 4 ) LDL and HDL as in 2 and 3. Each of the foregoing treatments was applied with or without LH (USDAbLH-B-5; AFP-5500; 100 ng/mL). Cells were incubated at 38.5°C in a humidified incubator containing 95% air and 5% CO 2 for 144 h. Medium was changed in each well every 48 h, and numbers of viable cells were estimated immediately before the replacement of medium. Media were frozen ( −70°C) for subsequent analysis of progesterone and IGF-I by RIA.
Lipoprotein Preparations
Lipoproteins were prepared from bovine serum recovered from anestrous lactating beef cows maintained in excellent body condition (body condition score of 5 or greater). Low-density lipoprotein ( d = 1.006 to 1.068 g/mL at 5°C ) and HDL ( d = 1.068 to 1.210 g/mL at 5°C ) were harvested by differential ultracentrifugation using the methods described by Ryan et al. (1995) . Total cholesterol content of lipoprotein fractions was determined using enzymatic procedures as described previously (Ryan et al., 1995) . Each lipoprotein preparation was also assayed for concentrations of IGF-I, progesterone, and total protein as described below and filter-sterilized before use (.2 mm; Gelman Sciences, Ann Arbor, MI).
Radioimmunoassays and Total Protein Determinations
Progesterone concentrations in small and large luteal cell culture media and in lipoprotein preparations were quantified by a previously described method (Ryan et al., 1995) . The sensitivity of the assay was .05 ng/mL. The intra-and interassay CV were 9.4 ( n = 5 ) and 8.7% ( n = 5), respectively. Insulin-like growth factor I concentrations in small and large luteal cell media and in lipoprotein preparations were quantified by RIA as previously described (Ryan et al., 1994) . The sensitivity of the assay was .078 ng/mL. The inter-and intraassay CV were 3.7 ( n = 3 ) and 3.7% ( n = 3), respectively. Total protein was determined with the method of Bradford (1976; Pierce Chemical Co., Rockford, IL) .
Determination of Cell Viability, Morphology, and Steroidogenic Activity
Dispersed and separated small and large luteal cells were counted using a hemocytometer and viability was determined with trypan blue (.4%; Sigma) before culture. Viability of cells during culture was determined at 48-h intervals by counting cells in 10 random locations in each well using an ocular micrometer grid on a phase contrast microscope as described previously (Pate and Nephew, 1988) .
Cells were stained for the enzyme 3b-hydroxysteroid dehydrogenase ( HSD) , which converts pregnenolone to progesterone using previously reported procedures (Hild-Petito et al., 1989) . The objective was to determine the ratio of steroidogenically active and inactive cells in small and large luteal cell cultures. Because total viable cell numbers, including steroidogenically inactive cells, can increase or decrease markedly over time in culture, progesterone production was expressed on the basis of the number of 3b-HSD-positive cells present at each time point. Before culture, aliquots of freshly-prepared cell suspensions were fixed for 20 min in 1% paraformaldehyde. The fixed cells were resuspended in histochemical staining solution (.1 M PBS containing .1% BSA, 1.5 mM b-nicotinemide adenine dinucleotide, .25 mM nitroblue tetrazolium, and .2 mM b-androstane3b-ol-17-one; Sigma) and incubated in the dark for at least 4 h in a metabolic shaking water bath at 37°C. Cells were then centrifuged and resuspended in sterile phosphate buffer. A drop of cell suspension was placed on a hemocytometer, and the ratio of stained ( 3b-HSD-positive or steroidogenically active) and unstained ( 3 b-HSD-negative or steroidogenically inactive) cells was determined using a light microscope. During culture, cells within individual culture wells were fixed and stained at predesignated time periods (48, 96, and 144 h). The ratio of stained to unstained cells was determined using an ocular micrometer on an Olympus phase contract microscope .
Morphological characteristics for determination of viable small and large cells during culture were based on visual appearance of cells after attachment to cell wells. Large luteal cells were characterized by their large size, the presence of many surface folds or projections, an irregular shape with oval nuclei, and numerous lipid droplets within the cytoplasm. Small luteal cells had an elongated cell shape, few large lipid droplets, irregularly-shaped nuclei, and a few projections on the smoother cell surface. Dead small and large cells were not attached to the culture well bottom, lacked differentiated features (oval) without projections, and had deteriorating cell membranes. Differentiated cells with deteriorating cell membranes were also considered dead cells.
Statistical Analysis
Data were evaluated by analysis of variance in a nested, split-plot design with repeated measures and unequal frequency. Protected Bonferonni's test was used to make preplanned comparisons. Comparisons by Bonferonni's t-statistic were made only after main treatment effects were demonstrated to be significant. The microcomputer version of SAS (1985) was used for all statistical analyses.
Results

Cell Morphology, Viability, and Proliferation
Small cell cultures (> 95% small cells) were essentially devoid of large luteal cells following unit gravity sedimentation, but they contained non-luteal cells (e.g., endothelial cells or fibroblasts). However, the large luteal cell fraction contained 10 to 25% contaminating cells, most of which were clumps of small luteal cells (Figure 1 ). Trypan blue exclusion showed that viability averaged 81% for small and 74% for large luteal cell cultures.
Adding LH to lipoprotein-treated large cell cultures did not affect cell numbers. Therefore, data were pooled to show the effect of lipoproteins. Cultures containing LDL and HDL maintained higher ( P < .05) numbers of steroidogenically active ( 3b-HSD-positive) large cells compared to the control in cultures from d 4 and 10 CL, and these relationships are depicted for d 4 CL in Figure 2 . Large cells that were 3b-HSD-negative from d 4, but not d 10 CL, seemed to proliferate to a small degree ( P < .07) regardless of lipoprotein treatments.
The LDL and HDL stimulated ( P < .01) the proliferation of steroidogenically inactive small cells obtained from d 4 and 10 CL during the first 48 h of culture (Figures 3 and 4) . Proliferative activity of d 4 small cells was greater ( P < .01) than that of d 10 small cells. Small cell cultures treated with LH maintained higher ( P < .05) viable cell numbers than those without LH. However, steroidogenically active positive small cells from d 4 and 10 CL declined ( P < .05) with increasing culture time, and d 4 positive cells were not detectable at 96 h of culture or thereafter (Figure 3) . No differential effects of LDL, HDL, or LDL plus HDL were found for promoting proliferation of steroidogenically inactive cells or maintaining viability of steroid-producing cells (Figures 2, 3, and 4) . 
Effect of Time of Culture, Lipoproteins, and LH on Progesterone Accumulation in Media
Progesterone concentrations in lipoprotein preparations were near the sensitivity of the assay (.1 ng/ mL). Overall progesterone production by small and by enriched cultures of large cells obtained from d 10 CL was greater ( P < .01) than that of d 4 CL (data not shown). Large cells produced 16 to 20 times more progesterone than small cells. The small and large cells from d 4, as well as small luteal cells from d 10, decreased ( P < .01) progesterone production with increasing time in culture ( Figure 5 ). However, progesterone accumulation within media of large cell Luteinizing hormone had no effect on viability; therefore, data were pooled to show lipoprotein effects. Lipoproteins tended to maintain greater (P < .065) 3b-HSD-positive cell numbers compared to the control at 48, 96, and 144 h of culture. Proliferation (P < .05) of 3b-HSD-negative large cells was observed after 48 h of culture regardless of culture treatment. Similar relationships were observed in cells from d 10 corpora lutea. Each point is the mean of six observations. Pooled SEM were .21, .05, and .02 for total, 3b-HSD-positive, and negative cells, respectively. . Lipoproteins increased (P < .01) 3b-HSD-negative cell numbers at 48 and 96 h and maintained greater (P < .05) 3b-HSD-positive cell numbers at 48 h compared to the control. Luteinizing hormone stimulated (P < .05) proliferation of negative cells during the first 48 h. Each point is the mean of CL from six heifers. Pooled SEM were .10, .03, and .10 for total, 3b-HSD-positive, and negative cells, respectively.
cultures remained relatively constant throughout the 144-h incubation period. The level of steroidogenic activity in large cells is illustrated visually by the high degree of 3b-HSD staining apparent in large cell cultures after 144 h (Figure 6 ). Luteinizing hormone did not affect lipoprotein-stimulated progesterone production relative to controls in small and large cell cultures. However, LDL and HDL individually stimulated ( P < .01) progesterone secretion by large luteal cells harvested from d 4 and 10 of the estrous cycle (Figure 7) . The combination of LDL and HDL did not increase progesterone production by large cells compared to LDL or HDL alone. Low-and high-density lipoproteins stimulated progesterone production equally with treatment units expressed on a cholesterol-content basis. Stimulatory effects of LDL and HDL were also seen in small cells from CL collected on d 10, but not from those from d 4 CL. The combination of LDL and HDL resulted in the greatest ( P < .01) progesterone secretion by small cells from d 10 CL (Figure 7) .
Effects of Time of Culture and Lipoproteins on IGF-I Production
Insulin-like growth factor I was undetectable in preparations of LDL and HDL used for these experiments, and the presence of small amounts (< .1 ng/1. Lipoproteins and LH increased (P < .01 and P < .05, respectively) 3b-HSD-negative cell numbers and maintained greater (P < .05) 3b-HSD-positive cell numbers compared to the control at 48 h and thereafter. Each point is the mean of six observations. Pooled SEM were .21, .05, and .2 for total, 3b-HSD-positive, and negative cells, respectively. cycle produced two-to fivefold more ( P < .05) IGF-I than large cells obtained on d 4. Production of IGF-I was increased ( P < .01) with increasing culture time in large cell cultures obtained from CL on d 4 and 10 of the cycle and was greatest at 48 h (data not shown). Lipoproteins (LDL, HDL, and LDL+HDL) increased ( P < .05) IGF-I production by d 10 large luteal cells compared to control media, but production by d 4 large luteal cells was not affected by lipoprotein treatments (Figure 8 ).
Discussion
Bovine corpora lutea contain at least two steroidogenic cell types, small and large (Alila et al., 1988; Fields and Fields, 1996) . Small cells contain more receptors for LH and are six times more responsive to LH than large cells, whereas large cells contain more receptors for prostaglandins and secrete more progesterone per cell in the absence of LH stimulation (Niswender et al., 1985; Hansel and Dowd, 1986; Weber et al., 1987) . As age of the CL increases, small luteal cells seem to develop into large luteal cells (Hansel and Dowd, 1986) . Technical difficulties associated with the harvest and separation of bovine large and small cells has resulted in only a few reports describing the proliferation, metabolism, or steroidogenic characteristics of separated bovine luteal cells. In the current report, we have successfully produced relatively pure cultures of small (> 95% pure) and large (75 to 90% pure) bovine luteal cells; this allowed us for the first time to study some specific effects of HDL and LDL in enriched cultures of these cells.
In other reports from this laboratory, lipoproteins increased cellular proliferation in bovine mixed luteal cell cultures (Ryan and Williams, 1992) and in steroidogenically inactive theca cells . Proliferation of cell populations in response to lipoproteins in the present experiment was also due to increases in steroidogenically inactive ( 3b-HSD-negative) small cells. In contrast, lipoproteins caused 3b-HSD-positive cell populations to be maintained to only a small degree above control-treated wells, with the exception of small cell cultures in which positive cells were not detectable at 96 h and thereafter. Lipoproteins have been noted previously to stimulate proliferation of bovine and swine granulosa cells (Savion et al., 1981; May et al., 1990; O'Shaughnessy et al., 1990) .
The morphological studies of O'Shea et al. (1986) indicated that luteal cells exhibit mitotic activity primarily during the early stages of luteal development. In other studies, non-steroidogenically active luteal cells proliferated in response to fibroblast growth factor and luteal secretory products, but not in response to LH (Grazul-Bilska et al., 1991) . Perhaps lipoprotein-stimulated production of the growth factor, IGF-I, played a critical role in promoting cell proliferation in the current experiment. However, the fact that d 4 cells did not produce IGF-I in response to lipoproteins, but proliferated more than d 10 cells, which produced IGF-I, argues against this hypothesis.
It should be noted that in the present experiment cells were categorized as large or small based on size, shape, and morphology. However, despite historical precedence (Alila et al., 1988) , it must be recognized that this categorization may still be somewhat arbitrary. The precise biochemical and ultrastructural character of each of these cell types has not been determined in cattle. Jablonka-Shariff et al. (1993) , using bromodeoxyuridine and differential biochemical markers, have shown that a high proportion of proliferating mixed luteal cells in the ovine CL express an intracellular marker typical of endothelial cells. Based on morphometric and morphologic criteria, the small luteal cell preparations in our experiment were contaminated with only a few nonluteal cells at the start of each of the culture periods. However, 60 to 70% of the small luteal cells failed to exhibit 3b-HSD staining activity in fresh isolates, and there was a rapid proliferation of these steroidogenically inactive cells in response to lipoproteins. Previous reports have indicated a similar number (up to 50%) of non-steroidogenic cells in ovine small cell cultures isolated by elutriation (Fitz et al., 1982) . Small cell cultures in the present study exhibited only small amounts of immunoreactive IGF-I and modest progesterone production, verifying their relative freedom from large cell contamination.
As reviewed by O'Shea et al. (1986) , it seems that large ovine luteal cells do not proliferate, that their numbers remain relatively constant throughout the ovine estrous cycle, and that their numbers are similar to those of granulosa cells in preovulatory follicles. The current study with bovine cells generally agrees with those reports, although a slight increase in the number of steroidogenically inactive large luteal cells was noted after 96 h in d 4 large luteal cell cultures. However, small luteal cells, as well as nonsteroidogenic (endothelial and fibroblast) cells, have been reported to proliferate substantially during the ovine estrous cycle (Grazul-Bilska et al., 1991; Jablanka-Shariff et al., 1993) , and our experiments with enriched cultures of bovine small luteal cells confirm this. In our laboratory, we have also demonstrated a nearly identical response of steroidogenically inactive theca cells to lipoproteins . Interestingly, this proliferation occurred in cells harvested from estrogen-active, preovulatory follicles after luteal regression, but not in similar follicles harvested during the luteal phase. Large cell cultures in the current experiments produced measurable quantities of IGF-I and progesterone, typical of a cell line derived primarily from granulosa (Niswender et al., 1985) .
Luteinizing hormone is probably critical for normal growth and differentiation of the CL in vivo (Niswender et al., 1985) . In vitro, LH has been shown to stimulate the proliferation of bovine granulosa cells (Savion et al., 1981) , but not mixed cultures of ovine luteal cells (Farin et al., 1989 ). In the current study, adding LH to lipoprotein-treated large cell cultures did not enhance cell proliferation. However, LH seemed to influence the maintenance of viability in small luteal cell cultures. Mechanisms through which lipoproteins promote luteal cell proliferation are not known. However, apolipoprotein ( a ) , a component of Figure 6 . Photomicrograph of bovine large luteal cells (≥ 23 mm; 920× magnification) at 144 h of culture showing intense staining for 3b-hydroxysteroid dehydrogenase activity. Treatment with luteinizing hormone (LH) had no effect; therefore, micrographs are representative of cells with and without treatment with LH. Progesterone secretion was up to 20-fold greater in large than in small cells (see Figure 5 ).
LDL, has been shown to be a potent mitogen in human cardiac smooth muscle cells, and it may act by modifying the availability of transforming growth factor-b (Grainger et al., 1993) . Additionally, HDL has been shown to completely replace serum as a mitogen in vascular endothelial cells (Tauber et al., 1980) . Low-density lipoprotein-stimulated proliferation of human smooth muscle cells resulted from lowering the availability of transforming growth factor-b, which has been shown to be an inhibitor of smooth muscle cell proliferation (Grainger et al., 1993) and vascular cell growth (Tauber et al., 1980) . The involvement of other growth factors in this process is also probably essential (O'Shaughnessy et al., 1990) .
Maximal secretion of progesterone by luteal cells on d 10 of the estrous cycle was expected, because luteal cells from mature midcycle CL produce more progesterone than cells from developing CL (McClellan et al., 1975) . Moreover, large cells produced 16 to 20 times more progesterone than small cells in culture. This observation agrees with reports on bovine (Weber et al., 1987; Alila et al., 1988) , ovine (Hansel and Dowd, 1986) , porcine (Buhr, 1987) , human (Oshara et al., 1987) and subhuman primate (Hild-Petito et al., 1989) cells. In the present study, small and large luteal cells from d 4 CL, as well as small luteal cells from d 10 CL, decreased progesterone production as culture time increased. These observations agree with those of Buhr (1987) , who reported that large and small porcine luteal cells from d 18 CL, as well as large luteal cells from d 10 CL, decreased progesterone production with increasing culture time. Spontaneous and hCG-stimulated progesterone release from ovine small luteal cells has also been shown to decrease with increasing incubation time (McClellan et al., 1975) . Reasons for a decline in steroidogenic capacity with increasing culture time have not been elucidated, but they are probably related to failure to optimize long-term culture conditions. In contrast, large luteal cells from d 10 CL in the present experiment maintained a constant progesterone output throughout the culture period.
Although luteinizing hormone failed to increase lipoprotein-stimulated progesterone production in small and large luteal cell cultures, LDL and HDL stimulated secretion by large luteal cells harvested from d 4 and 10 of the estrous cycle, and by small cells collected from d 10 of the estrous cycle. These results partially agree with previous reports on ovine (Wiltbank et al., 1990) and porcine (Buhr, 1987) small and large luteal cell cultures. In bovines, the effects of LH on progesterone production by small and large cells have been inconsistent (Hansel and Dowd, 1986; Alila et al., 1988) . Inconsistencies may have been caused by the purity of small and large cell preparations, the source, concentration, and purity of LH, and Statistical comparisons (* and **) denote differences from the control within day at the P < .05 and P < .01 levels, respectively. culture conditions. In the current study, LH did not stimulate progesterone secretion, but it did stimulate small luteal cell proliferation, agreeing that LH may be more important for luteal tissue growth than for stimulating progesterone secretion after the CL forms (Weber et al., 1987) . Moreover, it is clear that fully functional CL do not require LH support to produce normal quantities of progesterone (Peters et al., 1994) . Alternatively, the effect of LH may be essential for the communication between the two cell types, as suggested by Grazul-Bilska et al. (1996) .
In contrast to small cell cultures treated with lipoproteins and to large cells in control medium, enriched large cell cultures secreted significant quantities of IGF-I in response to LDL and HDL. Small cells are derived primarily from the theca interna of preovulatory follicles, and we have demonstrated that cultured bovine theca cells do not secrete IGF-I in vitro . However, granulosa and luteinized granulosa cells, the progenitors of large luteal cells, secreted IGF-I (Bao et al., 1995) .
Expression of the IGF-I gene in ovarian tissues has been reported in several species (Einspanier et al., 1990; Giudice, 1992) . Receptors for IGF-I have been localized primarily in granulosa cells (Adashi et al., 1988) , although in humans, IGF-I gene expression has been observed in theca of atretic and small follicles (Giudice, 1992) . Recent in situ localization of mRNA encoding IGF-I has shown that IGF-I mRNA is exclusively localized to granulosa cells of porcine and bovine ovarian follicles (Yuan et al., 1996 (Yuan et al., , 1997 . Lipoprotein stimulation of IGF-I production by bovine large luteal cells, to our knowledge, has not been reported previously. However, IGF-I and lipoproteins have been shown to synergistically enhance progesterone biosynthesis (Veldhuis and Gwynne, 1989 ) and proliferation of ovarian granulosa cells (May et al., 1990) .
In summary, these results indicate that the in vitro proliferation of bovine luteal cells is due mainly to the proliferation of steroidogenically inactive small cells present at the beginning of the culture period. These cells met all of the morphometric (12 to 23 mm ) and morphologic criteria of small luteal cells, whose progenitors are considered to be the theca interna. Further work is necessary to characterize this cell type more extensively. However, lipoproteins clearly play critical roles in stimulating their proliferation, similar to our previous findings for bovine theca cells obtained from estrogen-active, preovulatory follicles . The production of IGF-I by large luteal cells is also profoundly affected by lipoproteins. In the current experiment, HDL and LDL seemed to act synergistically to effect this response. Hence, additional roles for lipoproteins in regulating CL development and function are suggested. The types of lipoproteins used (LDL vs HDL) did not influence any of the luteal cell responses measured, which is in contrast to the differential effects of these two lipoproteins on granulosa and theca cell steroidogenesis observed previously in our laboratory .
Implications
Quantities of circulating lipoproteins in blood that perfuse ovarian tissues change according to physiological and nutritional status in cattle. For example, increases in dietary fat intake enhanced ovarian follicular growth, steroidogenesis, and luteal activity. The current in vitro study indicates that, in addition to their recognized roles as substrate for luteal steroidogenesis, low-and high-density lipoproteins also stimulate the proliferation of non-steroidogenic small luteal cells and the production of insulin-like growth factor by large luteal cells. Thus, the effects of dietary fat supplementation on luteal activity in cattle may be explained in part by the enhanced availability of lipoproteins to large and small luteal cells.
